T he dual-dye photometric technology used by Artel's Multichannel Verification System (MVS) overcomes challenges associated with determining the dispensed volume within each well of a 384-well microtiter plate. The MVS volume measurement approach (Bradshaw, J. T.; Knaide, T.; Rogers, A.; Curtis, R. Multichannel verification system (MVS): a dual dye ratiometric photometry system for performance verification of multichannel liquid delivery devices. Journal of the Association for Laboratory Automation 2005, 10, 35-42) has been extended to 384-well plates and volumes as low as 30 nL. The measurements collected by the MVS in less than 15 min provide both precision and accuracy values per individual channel. The system capabilities enable easy optimization of small-volume dispense protocols to minimize waste of valuable samples. ( JALA 2006;11:319-22) 
INTRODUCTION
The increase in high-throughput screening for microtiter plate assays largely results from greater penetration of high-density automated liquid handling (ALH) systems into pharmaceutical laboratories. Because of this increase, there is a significant need for a volume verification methodology, which does not require highly trained technicians or difficult and time-consuming testing protocols. With a significant movement toward miniaturization in liquid volume dispensing for high-density microtiter plates, the need for a fast and accurate method for volume verification is essential. Presently, there are very few methodologies that can quickly and accurately interrogate dispensed volumes within a high-density microtiter plate. Validation of submicroliter liquid volumes in 384-well plates is an extremely challenging task with increasing regulatory importance. Current volume verification methods are subject to external influences such as evaporation, static charge, and incomplete mixing.
A dual-dye photometric technology has previously been reported for testing liquid volumes dispensed into 96-well microtiter plates. 1, 2 The capabilities of this dual-dye system, called the Multichannel Verification System (MVS), have recently been expanded to allow for testing in high-density 384-well microtiter plates. Herein, the extended MVS capabilities are reported by comparing its performance against two other volume verification methods. Additionally, to demonstrate the implementation of the new capabilities of the MVS, the system was used to optimize the performance of a 384-tip ALH instrument.
MATERIALS AND METHODS
Given that the MVS methodology has been previously described in detail, 1 only a very brief overview will be provided here. The dual-dye MVS method uses two types of dye solution: (1) a sample solution containing known concentrations of a red dye, which absorbs at 520 nm and a blue dye, which absorbs at 730 nm, and (2) a diluent solution, which contains only blue dye in the same concentration as in the sample solution. For testing the performance of an ALH, the chosen instrument is used to dispense a test volume of sample solution into the wells of a microtiter plate. The diluent solution is also dispensed into the wells of the microtiter plate to provide a total working volume of solution in each well. The absorbance is measured for the total solution volume (i.e., the sample and diluent) at both wavelengths. Because the blue dye concentration is common between the sample and diluent solutions, no dilution occurs, which allows the blue dye to act as an internal standard by which to measure the pathlength in each of the wells in the plate using Beer's Law.
Once the pathlength through the total solution is known, the total volume can be calculated from the dimensions and shape of the microtiter plate wells. For this study, square well Corning 3711 microtiter plates were used, along with the plate dimensions reported by the manufacturer. The geometrical volume formula for a truncated pyramid is used to closely represent the square shape of the wells and the taper of the sidewall in these 384-well plates. Using the specified dimensions for the plates and the pathlength determined from the absorbance measurements, the total volume may be determined for each well as follows:
where W B is the width of the well at the bottom, W T is the width of the well at the top, and h is the height of the well; all three are manufacturer-specified dimensions. Finally, b is the solution pathlength determined from the 730-nm absorbance measurement. Once the total volume (V T ) is known, the sample volume is determined by using the absorbance per unit pathlength for the red dye (a r ), the absorbance per unit pathlength for the blue dye (a b ), and the measured absorbances at both wavelengths for the solution-filled wells (A 520 and A 730 ) 1 :
METHOD VALIDATION: PRECISION AND ACCURACY
The precision and accuracy of the new 384-well capability of the MVS as a volume verification method was measured in a method comparison study. Data were collected using a glass, digital syringe (Hamilton Company, Reno, NV) as a transfer standard. Eight individual dispenses were collected at each test volume using each method for every trial. The study was conducted over a time period of approximately 5 months. Between one and two trials were performed on a given day of the experiment. The syringe was calibrated using an ISO 17025 accredited tare-addition gravimetric method in a controlled environment. Performance of the MVS was compared to the same gravimetric tare-addition method and to the Artel Pipette Calibration System (PCS), 3e7 and is presented in Figure 1 .
In the tare-addition gravimetric method, the digital syringe was used to dispense water to a container on a 6-place balance in a temperature-and humidity-controlled environment. To further ensure minimized evaporative loss, a humidified chamber was placed around the balance pan to more quickly achieve equilibrium. After 20 s, the weight was stable and recorded. Measurable evaporation was accounted for in each of the measured dispense volumes.
The PCS method is a dual-dye photometric method that is similar to, but independent of the MVS approach. When using the PCS method, 3e7 each syringe was used to dispense a test volume of red dye solution into a known volume of blue dye solution. As with the MVS approach, the absorbance measurements at two wavelengths were used to accurately determine the dilution of the blue dye and the increasing concentration of the red dye over multiple dispenses.
While using the MVS in this study, each syringe was used to dispense the test volume of sample solution into eight wells in a 384-well plate containing the appropriate volume of diluent for a total volume of 55 mL in each well. The two solutions were mixed together by multiple aspirate/dispense steps with a multichannel pipette, followed by shaking with an orbital plate mixer (Variomag Teleshake, HþP Labortechnik, Germany).
In this performance comparison, the MVS, represented by the diamond-shaped points on the graphs, shows agreement with two other independent, National Institute of Standards and Technology (NIST)-traceable volume verification methods within 5% of the calibrated volume of the syringe transfer standard. Agreement between methods at the 50-mL volume is clear and does not demonstrate the small bias between methods displayed at the 8-and 2-mL volumes. The root of the bias for the 8-and 2-mL syringes is unclear, but may be attributed to differences between the solution vessel used for each method. For example, the gravimetric method results in transferring water into a dry glass vial, whereas the PCS method requires dispensing into a glass vial whose sides have been wetted. By comparison, dispensing for the MVS occurs by immersion of the syringe tip into the diluent solution in a plastic plate. Each method poses a slightly different surface onto which the aqueous solution is dispensed, which may result in a different wicking effect from the syringe tip. Such an event would be expected to have a greater impact on smaller dispense volumes. Regardless of the bias, data show that although the results are well within the AE10% inaccuracy performance specification assigned to the MVS by Artel, the actual performance is easily better than a AE5% inaccuracy specification.
For this study, the plate dimensions used were provided as a product specification by the manufacturer. Internal experiments, as well as experience with 96-well plates, show that better agreement can be achieved if lot-specific dimensions are determined. 1 For example, MVS specifications for a characterized 96-well plate are AE3% inaccuracy and AE1.5% coefficient of variation (CV), yet typical performance of these parameters is known to be better than 1.5% and 0.75% respectively.
Although agreement between the methods is supported by this study, the two corroborating methods are not easily applicable, in practice, to 384-channel liquid-delivery devices. MVS is the only method allowing fast and accurate determination of the performance of ALH equipment in high-density microtiter plates in a well-to-well fashion.
APPLICATION OF MVS-384 FOR PERFORMANCE OPTIMIZATION
The new capabilities of the MVS were tested by measuring the performance of a 384-tip CyBi-Well (CyBio, Jena, Germany) liquid handler. Liquid handler repeatability was adjusted prior to the comparison by varying tip heights as well as aspiration and dispense speeds for each solution type. The results of this testing were CV of %3% for volumes above 5 mL and !6.5% for volumes below 5 mL. Subsequent to repeatability optimization, as-found data were collected from the 25-mL disposable tip head at 10 volumes spanning the performance range of the dispenser (0.1e25 mL) using the default settings for the instrument. A direct pipetting method and wet dispense protocol were used when the desired volume of sample solution was greater than 1 mL, whereas a reverse method was used for volumes less than 1 mL. Complete mixing of the two dyes was achieved by aspirating and dispensing the contents of each well using an on-board mix protocol 10 times followed by 2 min of centrifugation at 2000 rpm to remove air bubbles from the wells and 1 min of orbital mixing at 1600 rpm.
Following repeatability optimization, instrument accuracy was adjusted by varying parameters including aspirate and dispense speeds, tip touches, and the specifications for the on-board mix protocol. Volumes of 1 mL or less were dispensed using a reverse pipetting method where tips were used for an over aspiration of sample solution followed by Figure 2 . As-found data were collected with CyBi-Well 384channel liquid handler using the default aspirate and dispense parameters. The expected dispensed volume was plotted versus the dispensed volume measured by MVS to determine the linear relationship between these two data sets. The equation for the least-squares linear regression was used to determine the device off-set for all volumes. Figure 3 . Improved performance of the CyBi-Well after implementing the device off-set determined from the data in Figure 2 .
dispensing a fraction of the volume back into the sample reservoir. The solution-filled tips were then used to dispense the desired test volume into the microtiter plate, followed by discarding the remaining solution to a waste container.
Volumes above 1 mL were dispensed using a direct method. The direct dispense method was evaluated for volumes greater than 1 mL. The desired volume was aspirated from a reservoir containing the appropriate sample solution and dispensed into each of the wells of a 384-well polystyrene microtiter plate containing the appropriate volume of diluent solution. A 2-mL pre-air gap was used to ensure a complete dispense of the sample into the microtiter plate. Following the dispense protocol, the same tips were used to complete an on-board mixing step.
The reverse pipetting method was used for volumes less than 1 mL. In this method, a total of 3 mL of the appropriate sample solution was aspirated into the tips. Exit speed of the tips from the sample reservoir was adjusted to ensure that excess sample did not remain on the tip exterior. The tips were blotted to remove residual sample solution and reused to complete the mixing step.
Data were recollected at the same 10 volumes, using the optimized settings determined by the as-found analysis. A device volume off-set, shown in Figure 2 , was determined using the linear relationship between the actual and expected volumes. This volume off-set was applied during further testing. Figure 3 illustrates the improved performance of the dispenser as a result of instrument parameter optimization and device off-set application. Table 1 presents the numerical values associated with Figure 3 and distinctly illustrates the improvement in the accuracy of the dispensed volume. For example, before the volume off-set and method optimization adjustments were applied, a target volume of 0.25 mL returned an actual dispense volume of 0.525 mL, corresponding to an inaccuracy of 110%. After application, the same target volume actually delivered 0.3587 mL, which is equal to an inaccuracy of À5.48%. Figure 4 shows the difference in performance using a direct pipetting method versus reverse pipetting. The improvement in performance exhibits the capacity of the MVS to identify optimum parameters for 384-channel instruments. This performance characterization process illustrates the capability of the MVS to facilitate rapid optimization of automated liquid handler performance by using reliable volume measurements to determine the device volume off-set. 
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One-to-One Method Reverse Method Figure 4 . Performance improvement achieved when using different pipetting methods on the CyBi-Well.
